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1 
Nomenclature 
The upper and lower arms of the MMC are denoted with the 
subscripts “u” and “l”, respectively. The phase number is 
denoted with the subscript “j”. 
cau  Converter-side AC voltage of phase a. 
,ua lau  Arm voltages of phase a. 
ua uau u,  DC and AC components of the upper-arm voltage of phase 
a. 
la lau u,  DC and AC components of the lower-arm voltage of phase 
a. 
,ua laI I  DC amplitudes of the arm currents of phase a. 
mua mlaI I,  Amplitudes of the fundamental components of the arm 
currents of phase a. 
dcU  Pole-to-pole DC bus voltage. 
ai  AC current of phase a. 
,ua lai  Arm currents of phase a. 
cirai  Circulating current of phase a. 
cirai  AC components of the circulating current of phase a. 
sau  Grid-side AC voltage of phase a. 
dcI  DC current. 
N  Total number of SMs per arm. 
dU  Rated average capacitor voltage. 
,SMua SMlau  Output voltage of the sub-module (SM) in the upper or 
lower arm of phase a. 
,cua clau  Capacitor voltage of the SM in the upper or lower arm of 
phase a. 
rN  Number of redundant SMs per arm.  
C  SM capacitance. 
0L  Arm inductance. 
0R  Equivalent arm resistance. 
L  AC inductance. 
R  Equivalent AC line resistance. 
m  Modulation index (ranging from 0–1). 
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Abstract—The Modular Multilevel Converter (MMC) has 
become the most promising topology for high-voltage and high-
power applications. Sub-Module (SM) fault ride-through 
capability is one of the most important features of the MMC. To 
study the approach of controlling SM faults, the differences 
between hot-backup and cold-backup configuration of redundant 
SMs are analyzed. After that, an internal asymmetrical dynamic 
model for the MMC is analyzed, which shows that unexpected 
fundamental and 3rd harmonic components in the circulating 
current result in fluctuation of DC current. Based on this model 
and by integrating the conventional circulating current 
suppression method and the SM-fault tolerant approach, a non-
ideal proportional-resonant (PR) controller is proposed and 
analyzed. This control scheme can suppress the fluctuation of the 
DC current of the MMC under SM faults without the knowledge 
of the number of faulty SMs and extra communication system. Its 
effectiveness is verified by both PSCAD/EMTDC simulations and 
scaled-down prototype experiments. 
 
Index Terms—Modular Multilevel Converter (MMC); sub-
module (SM) faults; proportional resonant control; redundant 
sub-modules. 
 
I. INTRODUCTION 
The modular multilevel converter (MMC) has become the 
most popular topology for high-voltage and high-power 
applications due to its high efficiency, excellent output 
performance, scalability and capability of efficient fault 
management [1]–[5]. With these advantages, it becomes a 
promising candidate for high-voltage direct-current (HVDC) 
transmission [6]–[8], transformer-less static synchronous 
compensators (STATCOM) [9]–[10], high-power motor drives 
[11]–[13] and electric railway supplies [14].  
Different from the two-level converter, the MMC can 
generate the desired voltages through cascaded sub-modules in 
each arm, which is the reason why MMCs have distinctive 
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2 
characteristics. One critical issue of the MMC that has attracted 
much attention is capacitor-voltage balancing [15]–[17]. 
Modeling of MMCs has also been widely investigated by [18]–
[21], including steady-state modeling, dynamic modeling and 
frequency-domain modeling. Of all research focus, the control 
methods of the circulating currents caused by the distinctive 
internal dynamics have drawn the most attention of scholars and 
engineers. The concept of circulating current was firstly 
proposed in [22]. The mechanism of three-phase circulating 
currents in the MMC was analyzed in [23], and the relationship 
between the amplitudes of circulating currents and the 
parameters of arm inductors was discussed in [24]. Later on, 
there appeared numerous control methods of circulating 
currents under balanced and unbalanced grid voltages. 
Reference [25] proposed a rotating dq-frame-based circulating 
current suppressing method under balanced grid voltages. 
Regarding unbalanced grid-voltage conditions, [26] and [27] 
proposed similar PR controllers to suppress the positive-
sequence and negative-sequence circulating current 
components. The proposed methods were validated solely by 
simulation results, and neither presents parameters tuning 
procedures. Reference [26] focused on the analysis and control 
of the unbalanced 2nd harmonic components of circulating 
current caused by the unbalanced grid voltages, without 
considering the unbalanced fundamental and 3rd harmonic 
components caused by the sub-module faults. Similarly, 
reference [27] proposed a positive and negative sequence 
decomposition based non-ideal PR controller to regulate the 
output AC current and circulating currents in the AC grid 
unbalanced condition. Besides, repetitive controllers were 
employed in [28] and [29] to suppress the 2nd harmonic 
component of the circulating current. Both papers investigated 
the repetitive controller applied in the MMC under ideal 
conditions (both AC grid and internal dynamic symmetry 
conditions). Additionally, reference [28] used the carrier phase 
shifted pulse width modulation, which is only suitable for the 
MMC containing small numbers of sub-modules. Moreover, 
reference [30] employed the redundant sub-modules to generate 
redundant voltage levels to mitigate the inherent 2nd harmonic 
component in the circulating current, which can be regarded as 
an indirect control method. Compared with other direct control 
of circulating current, the indirect way is simpler 
implementation with the sacrifice of precision. Unlike the 
relative references, this paper focuses on the internal dynamic 
of the MMC, especially the sub-module faults. The harmonic 
components of the circulating currents are different from those 
in the AC grid fault conditions. Meanwhile, the proposed 
method can realize the fluent transition when sub-module fault 
happens without the knowledge of the faulty sub-module 
number. 
On the other hand, since the MMC is composed of hundreds 
of sub-modules (SMs) in high-voltage applications, the 
operation status of each SM will affect the overall performance 
of the MMC. Therefore, the SM-fault control strategy is another 
critical issue of the MMC control. Recently, the control and 
ride-through strategies regarding this issue have been proposed 
in a few papers, including fault diagnosis strategies using 
additional circuits or devices [31] and open-circuit fault 
detection methods using state observers [32]–[35]. Normally, 
hot-backup redundant SMs are configured in the main circuit, 
and faulty SMs are bypassed immediately after being located. 
Reference [36] proposed an energy-balancing control strategy 
to maintain internal dynamic symmetry under SM fault 
conditions, where the number of the faulty SMs needs to be 
given. Reference [37] proposed a PI-based controller under SM 
fault conditions; however, this controller has a complicated 
structure and tricky parameter tuning as it employs a band-pass 
filter, two notch filters, two PI controllers and an extra 2nd 
harmonic circulating current controller.  
In order to simplify the structure of SM-fault controllers, this 
paper proposes a non-ideal PR controller integrating the 
conventional functions of 2nd-harmonic circulating current 
suppression and of SM-fault ride-through without the 
knowledge of the number of faulty SMs. The outline of this 
paper is organized as follows. Section II compares different 
configurations of redundant SMs. Section III presents the 
mathematical model of internal asymmetrical MMCs. In 
Section IV, the proposed non-ideal PR controller is analyzed. 
Section V and Section VI present simulation and experimental 
results to validate the proposed control strategy. Section VII 
concludes this paper.  
II. CONFIGURATIONS OF REDUNDANT SMS 
Normally, there are two types of configurations for redundant 
SMs. 
 
 
Configuration 1 (see Fig.1(a)): Redundant SMs are in cold 
backup, which means that they are bypassed by bypass switches. 
When SM faults occur, the faulty SMs must be located and 
bypassed immediately. Meanwhile, the same number of 
redundant SMs need to be activated, charging their capacitors 
to the rated voltages and then operating as normal SMs [38]. 
Configuration 2 (see Fig.1(b)): Redundant SMs are in hot 
Normal  SMs
Cold backup SMs
Normal  and
hot backup SMs
 
(a) Configuration 1   (b) Configuration 2 
Fig.1 Configurations for redundant SMs 
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3 
backup, which means that they operate in the same way as the 
normal ones. When SM faults occur, two strategies can be 
adopted: one (called Configuration 2A) is to bypass the faulty 
SMs as well as the same number of SMs in the healthy arms to 
keep the system symmetrical, and the other option (called 
Configuration 2B) is to merely bypass the faulty SMs, making 
the system operate in an unbalanced condition.  
In Configuration 1, such drawbacks as high cost, complex 
control system and long charging time of redundant SMs exist. 
On the other hand, the reliability of Configuration 2A is lower 
than that of Configuration 2B, as extra normal SMs are 
bypassed under SM fault conditions. Therefore, as a more 
economic and reliable scheme, Configuration 2B is adopted in 
this paper. It is notable that this scheme does have a 
disadvantage that the MMC has to work under unbalanced 
conditions. To resolve this issue, a mathematical model for 
MMCs with the arms containing different numbers of SMs will 
be studied in Section III.  
III. MATHEMATICAL MODEL FOR ASYMMETRICAL MMCS 
A. Basics of MMCs 
As shown in Fig.2, a three-phase MMC consists of six arms, 
each of which is composed of N identical SMs and an arm 
inductor L0 (R0 denotes the equivalent arm resistance). The 
operation status of a sub-module is illustrated in Table I. The 
operating principles of the MMC have been studied by many 
previous papers. Hence, only the basic internal relationship is 
given here. The AC-side output voltage and current of the 
MMC are given by equations (1) and (2), respectively. The 
relationship among arm current, AC current and circulating 
current is demonstrated by equation (3). 
 
sin( )
2
dc
cj
mU
u t  (1) 
sin( )ji I t    (2) 
1
2
1
2
uj j cirj
lj j cirj
i i i
i i i

  

  

 (3) 
 
B. Dynamics of asymmetrical MMCs 
To design the SM-fault controller, the dynamics of 
asymmetrical MMCs need to be analyzed first. According to 
[34] and [36], the basic operating principles are illustrated 
below. Since the principles are identical in three phases, phase 
a is taken as an example. The average switching functions of an 
arbitrary sub-module in the upper and lower arms of phase a 
can be defined as 
1 sin( )
2
1 sin( )
2
ua
la
m t
s
m t
s





 

  (4) 
According to capacitor dynamics, the following equations can 
be obtained: 
cua
ua ua
cla
la la
du
C s i
dt
du
C s i
dt



 

  (5) 
SMua ua cua
SMla la cla
u s u
u s u



 (6) 
Due to the approach of balancing capacitor voltages [6], the 
SMs of the same arm can be regarded as having the same 
behavior. Therefore, the overall voltage of one arm can be 
calculated by 
= +ua ua SMua ua ua
la la SMla la la
u N u u u
u N u u u


  
 (7) 
Given that there are only DC and fundamental components in 
the arm currents, the arm currents can be given by 
sin( )
sin( )
ua ua mua
la la mla
i I I t
i I I t
 
 
  

  
 (8) 
Combining (4)–(8), the AC components of the arm voltages are 
expressed by equations (9) and (10). As can be seen, the AC 
components are composed of fundamental, 2nd and 3rd 
harmonic components. 
2
dcU
2
dcU
0L
SM1
SMn
SM1
0L
SMn
SM1
0L
SMn
SM1
0L
SMn
SM1
0L
SMn
SM1
0L
SMn
L
L
L
SM2 SM2 SM2
SM12 SM12 SM12
O
0R 0R 0R
0R 0R 0R
R
R
R
uau
dcI
lau
sau
sbu
scu
bi
ci
cbu
cau
ccu
ai
uai
lai
SM
+
-
cU
T1
T2
D1
D2
M
C
SMU
+
-
 
Fig.2 Circuit topology of an MMC 
 TABLE I  
OPERATION STATUS OF A HALF-BRIDGE SM 
SM Status T1 T2 USM 
Arm 
Current 
Charging State 
Inserted 
on off Uc Positive Charging 
on off Uc Negative Discharging 
Bypassed off on 0 
Positive or 
Negative 
Unchanged 
Blocked 
off off Uc Positive Charging 
off off 0 Negative Unchanged 
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4 
Fundamental component
2 2
2nd harmonic component 3rd harmonic component
8
[ cos( ) cos( )
2 16 2
3
sin(2 ) sin(2 ) cos(3 )
8 4 16
ua ua
ua mua
ua
mua mua
N mIm
u I t t
C
m Im m
I t t I t
  
    

   
     ]
 (9) 
fundamental component
2 2
2nd harmonic component 3rd harmonic component
8
[ cos( ) cos( )
2 16 2
3
sin(2 ) sin(2 ) cos(3 )
8 4 16
la la
la mla
la
mla mla
N mIm
u I t t
C
m Im m
I t t I t
  
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
   
     ]
 (10) 
Applying Kirchhoff's voltage law, the following equations can 
be derived as  
0 0
0 0
1
2
1
2
ua
dc ca ua ua
la
dc ca la la
di
U u u L R i
dt
di
U u u L R i
dt

   

    

 (11) 
Summing the two equations of (11), the internal dynamic model 
of the MMC is derived as  
0 0
1 1
( )
2 2
cira
cira dc ua la
di
L R i U u u
dt
     (12) 
where 𝑖𝑐𝑖𝑟𝑎 = 0.5(𝑖𝑢𝑎 + 𝑖𝑙𝑎) denotes the circulating current of 
phase a. Substituting (9) and (10) into (12), it is obvious that if 
Nua is not equal to Nla (i.e. the arms are unbalanced), uua + ula 
consists of DC, fundamental, 2nd and 3rd harmonic 
components. Accordingly, the circulating current also consists 
of these components. In contrast, there are only DC and 2nd 
harmonic components in the circulating current of the healthy 
phases. Thus, the asymmetry gives rise to fundamental 
frequency fluctuation of the DC current. To eliminate the 
fluctuation of DC current and to reduce losses, fundamental, 
2nd and 3rd harmonic components need to be eliminated. The 
AC components of equation (12) can be rewritten as 
0 0
1
( )
2
cira
cira ua la diff
di
L R i u u u
dt
      (13) 
Hence, controllers are required to have the function of 
suppressing the fundamental, 2nd and 3rd harmonic 
components of the circulating current under SM fault 
conditions. 
IV. PROPOSED NON-IDEAL PR CONTROL STRATEGY 
A. Basics of non-ideal PR controllers 
The transfer functions of ideal and non-ideal PR controllers 
are illustrated by (14) and (15), respectively. The bode plots of 
the two PR controllers are shown in Fig.3. An ideal PR 
controller gives an infinite gain at the resonant frequency ωn 
and no gains at other frequencies (red line in Fig.3). However, 
an ideal PR is quite sensitive to the accuracy of resonant 
frequency, and its infinite gain may cause stability problem. A 
non-ideal PR controller given by equation (15) is much more 
popular in practical applications. The non-ideal PR controller 
has a finite gain at the resonant frequency (blue line in Fig.3), 
but the gain is high enough to minimize small steady-state error. 
In (15), kp is tuned in the same way as that for a PI controller, 
and determines the dynamics of the system in terms of 
bandwidth, phase and gain margin; appropriate selection of ωc 
also helps to widen the bandwidth and reduce the sensitivity 
towards slight frequency variation; kr can be tuned for shifting 
the response magnitude vertically without changing the 
bandwidth. If multiple frequencies need to be compensated, 
multiple resonant controllers can be integrated in one controller 
as illustrated by equation (16). 
2 2
( ) rp
n
k s
G s k
s 
 

 (14) 
2 2
2
( )
2
r c
p
c n
k s
G s k
s s

 
 
 
 (15) 
2 2
1
2
( )
2
m
ri ci
p
i ci i
k s
G s k
s s

 
 
 
  (16) 
 
Fig.3 The bode plots of ideal and non-ideal PR controllers (kp = 1, kr = 1000, 
ωc = 3 rad/s, ωn = 314 rad/s) 
 
0 0
1
sL R
cirai
( )intPRG s
0 

Non-ideal PR controller Internal dynamic of MMC
*
diffau
 
(a) Proposed control in phase a 
1 1
2 2
1 1
2
2
r c
c
k s
s s

  
2 2
2 2
2 2
2
2
r c
c
k s
s s

  
3 3
2 2
3 3
2
2
r c
c
k s
s s

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pk




( )intPRG s
 
(b) Details of a three-resonant-frequency PR controller 
Fig.4 The block diagrams of the proposed non-ideal PR controller 
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5 
 
According to the internal dynamic model of asymmetrical 
MMCs (see equation (13)), a three-resonant-frequency PR 
controller is designed, as shown by (17). The resonant 
frequencies are fundamental, 2nd and 3rd harmonic 
components, respectively, which can suppress the 
corresponding components in the circulating current. 
2 2
1,2,3
2
( )
2
int ri ci
PR p
i ci i
k s
G s k
s s

 
 
 
  (17) 
Combining (13) and (17), the non-ideal PR controller is 
illustrated in Fig.4. It can be observed that the inherent 2nd 
harmonic component and the fundamental and 3rd harmonic 
components caused by SM faults (asymmetrical internal 
structure) are suppressed by one single controller. 
The overall control structure of a grid-connected MMC is 
shown in Fig.5, where a PR controller denoted by ( )outPRG s  for 
the output AC current is utilized. The outputs of the proposed 
non-ideal PR controller (the red box) are added to the reference 
of the arm voltage. 
B. Parameter tuning 
As shown in Fig.4 (b), parameters kp, kr1, ωc1, kr2, ωc2, kr3 and  
ω c3 need to be tuned. Taking one resonant frequency for 
instance, the open-loop transfer function (TF) of the internal 
dynamic of the MMC can be expressed by 
2 2
1 1 1 11 1
2 2 2 2
0 01 1 1 1 0 0
( 2 ) 22 1
( )
2 ( 2 )( )
p c r cr c
ol p
c c
k s s k sk s
G k
sL Rs s s s sL R
  
   
  
  
    
 (18) 
Thus, the closed-loop TF can be represented by 
2 2
1 1 1 1
2 2
0 0 1 1 1 1
( 2 ) 2
1 ( )( 2 ) 2
p c r col
cl
ol p c r c
k s s k sG
G
G sL R k s s k s
  
  
  
 
     
 (19) 
The basic design principle of the non-ideal PR controller is to 
decouple the proportional portion and resonant portions in the 
frequency domain, which allows them to be studied 
independently. Therefore, to determine the proportional gain of 
the controller, the closed-loop TF can be redefined for kr1 = 0 
and R0 = 0 (ignore the resistance of the arm inductance), leading 
to  
0
0
p
cl
p
k L
G
s k L


 (20) 
Based on equation (20), the bandwidth of the first-order 
system is found to be αp = kp / L0. kp can be determined by 
selecting an appropriate bandwidth and phase angle. Equation 
(20) represents the dynamic of the system disregarding the 
impact that the resonant terms of the controller have over 
system stability.  
A simple inspection shows that the dimension of Kr is angular 
frequency times impedance, or equivalently, angular frequency 
squared times inductance. The following parametrization gives 
the correct dimension. 
1 1 02 2r r c r pK k L     (21) 
Substituting (21) and αp = kp / L0 into (19) yields 
2 2
1
2 2 2
1
( 2 )
( )( 2 ) 2
p r
cl
p r r
s s
G
s s s s
  
   
 

     (22) 
which can be approximated as 
2 2
1
2 2
1
( 2 )
( )( 2 )
p r p
cl
pp r
s s
G
ss s s
   
  
 
 
  
 (23) 
Provided that the last term in the denominator of Gcl in equation 
(22) can be neglected, equation (23) is simplified to the closed-
loop TF shown in equation (20). The approximation holds if  
r p   (24) 
Hence, to satisfy equation (24), selecting 0.05r p   gives  
0.1r p pK k  (25) 
 
Fig.6 The bode plots of a closed-loop system with the proposed control 
Therefore, selecting an appropriate ωc1 yields a correspond-
ding kr1 based on equation (21) and equation (25). Fig.6 
illustrates the corresponding bode plots based on different 
proportional terms (from 1 to 10).  
V. SIMULATION RESULTS 
To verify the proposed control strategy, a three-phase 61-
level MMC system is simulated using PSCAD/EMTDC, as 
shown in Fig.7. The parameters of the control and main circuits 
are shown in Tables II and III. The simulation process is 
designed as follows: from t = 0s to t = 0.25s, the MMC works 
under the normal condition with a conventional circulating 
current controller; during t = 0.25s to t = 0.45s, 3 (5% of the 
nominal sub-module number) SMs of the upper arm in phase a 
happen to be faulty without the proposed control; during t = 
0.55s to t = 1s, the faulty SMs are still bypassed, and the 
proposed control is enabled. In addition, there is a power 
reversal (from P = -30MW to P = 30MW) at t = 0.65s.  
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Fig.5 Overall control diagram of the MMC 
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Fig.7 The single line diagram of the simulation model 
TABLE II 
CONTROLLER PARAMETERS IN SIMULATION 
Symbol Value Symbol Value Symbol Value 
1rk  200 2rk  800 3rk  600 
1c  2.5 2c  2.5 3c  2.5 
pk  5     
TABLE III  
MAIN CIRCUIT PARAMETERS IN SIMULATION 
Items Symbol Value 
Rated AC line-to-line voltage us 30 kV 
AC system inductance L 5 mH 
AC system resistance R 0.03 ohm 
Rated frequency f 50 Hz 
Rated direct voltage Udc 60 kV 
Arm inductance L0 15 mH 
Equivalent arm resistance R0 1 ohm 
Total number of SMs per arm N 63 
Number of redundant SMs per arm Nr 3 
Number of faulty SMs per arm Nf 3 
Capacitor voltage Uc 1 kV 
SM capacitance C 8000 μF 
A. Case I 
The steady-state performance of the control strategy is shown 
in Fig.8. In this case, 3 SM faults occur at t = 0.25s, and are 
bypassed simultaneously. Since t = 0.55s, the proposed control 
method is enabled. The DC current is illustrated in Fig.8(a). It 
is easily seen that due to internal asymmetrical SM faults, the 
dc current fluctuates with the fundamental frequency. After 
enabling the proposed control, the DC fluctuation is entirely 
suppressed. Fig.8(b) and Fig.8(c) show the capacitor voltages 
of SM #1 and the arm currents in both upper and lower arms of 
phase a, respectively. It can be observed that the capacitor 
voltages and arm currents are affected little by the SM faults 
because only 5% of the SMs are bypassed. Fig.8(d) illustrates 
the circulating current of phase a, where the conventional 
controller can suppress the harmonics in the circulating current 
in the normal condition, but cannot eliminate all the 
components under SM faults; after enabling the proposed 
method, all harmonic components are eliminated. Finally, the 
three-phase AC currents, as provided in Fig.8(e), show that SM 
faults have little adverse effect on the AC currents. 
 
(a) DC current 
 
(b) SM capacitor voltages of phase a 
 
(c) Arm currents of phase a 
 
(d) Circulating current of phase a 
 
(e) Three-phase AC currents 
Fig.8 The steady-state performance of the proposed controller 
B. Case II 
To verify the transient stability and response performance of 
the proposed control, an active power reversal is performed and 
zero reactive power is transferred under the SM-fault condition 
with the proposed control. A power reversal (-30MW to 30MW) 
occurs with 3 SM faults in the upper arm of phase a at t = 0.65s 
with the proposed control enabled. Fig.9 illustrates the detailed 
transient performance. Fig.9(a) shows that the DC current 
responses quickly without fundamental ripples. The capacitor 
voltages of SM #1 in the upper and lower arms remain stable 
after a quick transient process as shown in Fig.9(b). Fig.9(c) 
shows that the arm currents of phase a remain balanced after a 
step response. Fig.9(d) shows that the circulating currents of 
phase a have a fast and stable transient response during the 
transient process. Fig.9(e) illustrates that the three-phase AC 
currents have phase mutations when the active power changes 
from -30MW to 30MW. Active power and reactive power are 
shown in Fig.9(f), where it can be seen that SM faults only have 
slight impacts on active and reactive power.  
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(a) DC current 
 
(b) SM capacitor voltages of phase a 
 
(c) Arm currents of phase a 
 
(d) Circulating current of phase a 
 
(e) Three-phase AC currents 
 
(f) Active and reactive power 
Fig.9 The transient performance of the proposed controller 
VI. EXPERIMENTAL RESULTS 
The circuit scheme of the three-phase MMC prototype is 
illustrated in Fig.10, in which a pure resistive load is used to 
validate the control scheme. The photographs of the prototype 
are shown in Fig.11. The parameters of the main circuit are 
listed in Table IV. The main circuit uses MOSFETs as its power 
devices. A two-layer control structure is implemented by FPGA 
(EP3C80F484C8N) and NI Compact RIO (9022). Optical 
fibers are used to transmit necessary signals (i.e. trigger pulses, 
SM capacitor voltages and protection signals) between the main 
circuit and the control system.  
To validate the control method, the following experimental 
procedures are designed. First, the prototype works in the 
normal situation (i.e. 44 SMs in an arm operate simultaneously, 
4 of which work in hot-backup) until t = 1.2s when SMs #41–
#44 in the upper arm of phase a are bypassed. Then, the 
prototype works without additional control in a 4-SM-fault 
situation during t = 1.2s to t = 1.4s. From t = 1.4s on, the 
proposed method is enabled finally. 
 
 
 
(a) DC current 
 TABLE IV  
MAIN CIRCUIT PARAMETERS IN THE EXPERIMENT 
Item Symbol Value 
Rated AC bus line-line voltage us 400 V 
AC system inductance L 9.6 mH 
Rated frequency f 50 Hz 
Rated direct voltage Udc 800 V 
Arm inductance L0 10 mH 
Total number of SMs per arm Nsumu,l 44 
Number of redundant SMs per arm Nr 4 
Number of faulty SMs per arm Nf 4 
Rated capacitor voltage Ud 20 V 
Modulation index m 0.9 
Capacitance C 4 mF 
 
MMC
sL
sL
sL
sR
sR
sR
loadR
loadR
loadR
 
Fig.10 Experimental block diagram 
 
  
Fig.11 The photographs of experimental setup 
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(b) SM capacitor voltages of phase a 
 
(c) Arm currents of phase a 
 
(d) Circulating current of phase a 
 
(e) Circulating current of phase b 
 
(f) Circulating current of phase c 
 
(g) AC currents 
Fig.12 The experimental results of the proposed controller 
It is worth mentioning that no circulating currents control is 
enabled during t = 1.2s to t = 1.4s so as to check the performance 
of the MMC without the circulating current controller under the 
normal and SM-fault conditions. 
Fig.12 illustrates the performance of the entire experimental 
process. As shown in Fig.12(a), the peak-to-peak ripple 
accounts for nearly 69% of the desired pure DC value in DC 
current from t = 1.2s to t = 1.4s. After enabling the proposed 
control, the ripple is almost suppressed. Additionally, the 
capacitor voltages of two different SMs in the faulty phase (SM 
#1 of the upper arm and SM #1 of the lower arm) are shown in 
Fig.12(b), where imbalance appears during the faulty period 
without the proposed control and voltage ripples dramatically 
decrease after enabling the control. The arm currents and 
circulating current of phase a are shown in Fig.12(c) and (d). 
During t = 1.2s to t = 1.4s, the arm current becomes 
asymmetrical, resulting in the fundamental and 3rd harmonic 
components in the circulating current. From t = 1.4s on, the 
undesired phenomenon in the arm currents and circulating 
current of phase a disappears due to the proposed control. 
Fig.12(e)–(g) illustrate the circulating currents of phase b and 
phase c as well as the three-phase AC currents, respectively. 
The healthy phases suffer little from the faulty phase, and the 
three-phase AC currents suffer little from internal asymmetry. 
Besides, the 2nd harmonic components of the circulating 
currents of phases b and c are eliminated by the proposed 
control. In summary, the experimental results validate the 
effectiveness of the proposed PR controller no matter for the 
faulty or healthy phases.  
VII. CONCLUSION 
In this paper, redundant SMs are configured in hot-backup 
states, which helps to improve the reliability of MMCs. On this 
condition, a non-ideal proportional-resonant controller is 
designed by integrating the inherent circulating current 
suppression function and the SM-fault tolerant function. Owing 
to the bypass of the faulty SMs, MMCs work under internal 
asymmetry. By analyzing the internal asymmetrical dynamic 
model, it is found that fundamental, 2nd and 3rd harmonic 
components exist in the circulating current, and unbalanced 
circulating current results in fundamental ripples in DC current. 
A non-ideal PR controller is proposed to eliminate the 
corresponding AC components as well as the ripple of the DC 
current, whose effectiveness is validated by both simulation and 
experimental results. 
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